In the present study we have developed lipid nanoparticle (LN) dispersions based on a multiple emulsion technique for encapsulation of hydrophilic drugs or/and proteins by a full factorial design. In order to increase ocular retention time and mucoadhesion by electrostatic attraction, a cationic lipid, namely cetyltrimethylammonium bromide (CTAB), was added in the lipid matrix of the optimal LN dispersion obtained from the factorial design. There are a limited number of studies reporting the ideal concentration of cationic agents in LN for drug delivery. This paper suggests that the choice of the concentration of a cationic agent is critical when formulating a safe and stable LN. CTAB was included in the lipid matrix of LN, testing four different concentrations (0.25%, 0.5%, 0.75%, or 1.0%wt) and how composition affects LN behavior regarding physical and chemical parameters, lipid crystallization and polymorphism, and stability of dispersion during storage. In order to develop a safe and compatible system for ocular delivery, CTAB-LN dispersions were exposed to Human retinoblastoma cell line Y-79. The toxicity testing of the CTAB-LN dispersions was a fundamental tool to find the best CTAB concentration for development of these cationic LN, which was found to be 0.5 wt% of CTAB.
Introduction
Lipid nanoparticles (LN) have gained interest in recent years as drug carriers for ocular delivery, aiming a better permeation and/or prolonged drug release onto the ocular mucosa and allowing drugs reaching the post segment of the eye (Pignatello and Puglisi, 2011) . Ocular drug delivery is extremely affected by eye anatomy and physiology that leads often to mechanisms that decrease bioavailability of applied drugs. These mechanisms include reflex processes, such as lacrimation and blinking which reduces drastically the drug residence time, and difficulty to diffuse though the conjunctiva and nasolacrimal duct. In addition, the low volume of the conjunctival sac also leads to a poor corneal or sclera penetration of drugs (Diebold and Calonge, 2010) . Since ocular delivery became a problem when the ultimate target is intraocular delivery, due to the ineffective drug concentrations and time residence reach the inner tissues, alternative systems for drug delivery are required (Pignatello and Puglisi, 2011; Sultana et al., 2011) . New drug delivery systems based on lipids, namely liposomes, and other materials such as polymers (poly-d-l-lactic acid (PLA) nanopsheres) were able to deliver an antiviral drug, acyclovir, in the inner tissues of the eye comprising the innovation of these systems (Fresta et al., 1999; Giannavola et al., 2003) .
Ocular drug delivery strategies may be classified into 3 groups: noninvasive techniques, implants, and colloidal carriers. Colloidal drug delivery systems, such as LN, can be easily administered in a liquid form and have the ability to diffuse rapidly and are better internalized in ocular tissues. In addition, the interaction and adhesion of LN ocular surface with the endothelium makes these drug delivery systems interesting as new therapeutic tools in ocular delivery (del Pozo-Rodriguez et al., 2013) .
LN based on w/o/w emulsion are versatile colloidal carriers for the administration of peptides/proteins and hydrophilic drugs . Droplets from the inner aqueous phase, where the drug is dissolved or/and solubilized, are supported by a solid lipid matrix surrounded by an aqueous surfactant phase. Usually LN are composed of physiological solid lipids (mixtures of mono-, di-or triglycerides, fatty acids or waxes) stabilized by surfactants. In the case of a w/o/w based LN dispersion, a high hydrophilic-lipophilic balance (HLB) surfactant is added to the external aqueous phase and, a low HLB surfactant is added to the lipid phase. The two surfactants are needed to stabilize the two existing interfaces in this type of emulsion. A variety of surfactants can be applied, such as phospholipids, bile salts, polysorbates, polyoxyethylene ethers (Gallarate et al., 2009; Fangueiro et al., 2012) . Materials used for LN production are largely used in pharmaceutical industry with proved biocompatibility (Severino et al., 2012) .
Cationic LN have been recently investigated for targeting ocular mucosa, namely the posterior segment of the eye (e.g. retina). This is a smart strategy that combines the positive surface charge of the particles and the negative surface charge of ocular mucosa by means of an electrostatic attraction. This approach could increase the drugs retention time in the eye as well as improve nanoparticles bioadhesion (Lallemand et al., 2012) .
In the ocular delivery, it is especially relevant the control of the particle size since it directly influence the drug release rate, bioavailability, and patient comfort and compliance (Shekunov et al., 2007; Souto et al., 2010) . In addition, it is known that the smaller the particle size, the longer the retention time and easier application (Araujo et al., 2009) .
Physicochemical characterization and assessment of nanotoxicity are major issues for developing and large-scale manufacturing of nanocarriers. Furthermore, physicochemical properties of LN such as particle size, surface and composition can significantly influence drug delivery on ocular delivery (Ying et al., 2013) .
In the present work, the development and characterization of a system of LN based on multiple emulsions using a blend of triacylglycerols as solid lipid, was carried out, in which sonication method was employed. The first aim of the work was the application of a full factorial design to determine which dependent variables could affect the LN dispersion properties. The analyzed independent variables, namely the concentration of solid lipid and both hydrophilic and lipophilic surfactants, were checked for their capacity to influence the mean particle size (Z-Ave), polydispersity index (PI) and zeta potential (ZP) of the produced LNs dispersions. The optimal formulation was used to evaluate the toxicity of LN using Y-79 human retinoblastoma cells employing different cationic lipid concentrations to select the best formulation for ocular instillations.
Materials and methods

Materials
Softisan ® 100 (S100, a hydrogenated coco-glycerides C 10 -C 18 fatty acid triacylglycerol) used as solid lipid was a free sample from Sasol Germany GmbH (Witten, Germany), Lipoid ® S75, 75% soybean phosphatidylcholine, used as surfactant, was purchased from Lipoid GmbH (Ludwigshafen, Germany), Lutrol ® F68 or Poloxamer 188 (P188) was a free sample from BASF (Ludwigshafen, Germany). Cetyltrimethylammonium bromide (CTAB) and uranyl acetate were acquired from Sigma-Aldrich (Sintra, Portugal). Anhydrous glycerol was purchased from Acopharma (Barcelona, Spain). Ultra-purified water was obtained from a MiliQ Plus system (Milipore, Germany). All reagents were used without further treatment. The Y-79 human retinoblastoma cell line was purchased from Cell Lines Service (CLS, Eppelheim, Germany). Reagents for cell culture were from Gibco (Alfagene, Invitrogene, Portugal). 
Experimental factorial design
A factorial design approach using a 3 3 full factorial design composed of 3 variables which were set at 3-levels each was applied to maximize the experimental efficiency requiring a minimum of experiments. For this purpose three different variables and their influence on the physicochemical properties of the produced LN were analyzed. The design required a total of 11 experiments. The independent variables were the concentration of solid lipid S100, concentration of lecithin (Lipoid ® S75) and the concentration of hydrophilic surfactant P188. The established dependent variables were the mean particle size (Z-Ave), polydispersity index (PI) and zeta potential (ZP). For each factor, the lower, medium and higher values of the lower, medium and upper levels were represented by a (−1), a (0) and a (+1) sign, respectively (Table 1 ). The data were analyzed using the STATISTICA 7.0 (Stafsoft, Inc.) software.
Lipid nanoparticles production
LN dispersions were prepared using a novel multiple emulsion (w/o/w) technique (García-Fuentes et al., 2003) . Briefly, an inner w/o emulsion was initially prepared. A volume of ultra-purified water was added to the lipid phase (5 wt%) composed of glycerol, S100 and Lipoid ® S75 at same temperature (5-10 • C above the melting point of the solid lipid Softisan ® 100 (T ≈ 50 • C) and homogenized 60 s with a sonication probe (6 mm diameter) by means of an Ultrasonic processor VCX500 (Sonics, Switzerland). A power output with amplitude of 40% was applied. A few milliliters of P188 solution was added and homogenized for additional 90 s. This preemulsion was poured in the total volume of a P188 cooled solution under magnetic stirring for 15 min to allow the formation of the LN. The obtained LN dispersions were used for subsequent studies. The general composition of LN dispersions is described in Table 2 .
Physicochemical characterization
Physicochemical parameters such as Z-Ave, PI and ZP were analyzed by dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Instruments, Malvern, UK). All samples were diluted with ultrapurified water and analyzed in triplicate. For analysis of the ZP, ultra-purified water with conductivity adjusted to −50 S/cm was used. 
Evaluation of the concentration of CTAB
In order to increase eye retention time and mucoadhesion onto the ocular mucosa, a cationic lipid was added to the lipid matrix. For this purpose, CTAB was used as cationic lipid maintaining the 5% of lipid matrix varying the proportions of S100 and CTAB. Thus, in the production stage, four different concentrations (0.25, 0.5, 0.75 and 1.0 wt%) of cationic lipid (CTAB) was added in the lipid phase composed of S100 and Lipoid ® S75 of the optimal formulation, previously obtained from the factorial design to evaluate the influence in the physicochemical properties.
Stability analysis of LN by TurbiscanLab ®
The TurbiscanLab ® is a technique used to observe reversible (creaming and sedimentation due to fluctuation on particle size and volume) and irreversible (coalescence and segregation due to particle size variation) destabilization phenomena in the sample without the need of dilution. TurbiscanLab ® is useful to detect destabilization phenomena much earlier and also in a simpler way than other methods, since it is based on the measurement of backscattering (BS) and transmission (T) signals (Araújo et al., 2009; Celia et al., 2009; Marianecci et al., 2010; Liu et al., 2011) .
The physical stability of LN dispersions was assessed with an optical analyzer TurbiscanLab ® (Formulaction, France). The dispersions were placed in a cylindrical glass cell, at room temperature (25 • C). The equipment is composed of a near-infrared light source ( = 880 nm), and 2 synchronous transmission (T) and backscattering (BS) detectors. The T detector receives the light crossing the sample, whereas the BS detector receives the light scattered backwards by the sample (Araújo et al., 2009 ). The detection head scans the entire height of the sample cell (20 mm longitude), acquiring T and BS each 40 m, 3 times during 10 min at different times after production (7, 15 and 30 days).
Thermal analysis
The crystallinity profile of LN was assessed by differential scanning calorimetry (DSC). This technique is useful to evaluate the physical state, which directly affects the physicochemical properties and thermodynamic stability of LN dispersions. A volume of LN dispersion corresponding to 1-2 mg of lipid was scanned using a Mettler DSC 823e System (Mettler Toledo, Spain). Heating and cooling runs were performed from 25 • C to 90 • C and back to 25 • C at a heating rate of 5 • C/min, in sealed 40 L aluminum pans. An empty pan was used as a reference. Indium (purity >99.95%; Fluka, Buchs, Switzerland) was employed for calibration purposes. DSC thermograms were recorded for the four different CTAB concentration formulations and for the bulk lipids (CTAB and S100). The DSC parameters including onset, melting point and enthalpy were evaluated using STAR e Software (Mettler Toledo, Switzerland).
X-Ray studies
X-ray diffraction patterns were obtained using the X-ray scattering (X'Pert PRO, PANalytical) using a X'Celerator as a detector. Data of the scattered radiation were detected with a blend localsensible detector using an anode voltage of 40 kV and a current of 30 mA. For the analysis of LN dispersions and bulk materials, the samples were mounted on a standard sample holder being dried at room temperature without any previous sample treatment.
Alamar blue assay in human retinoblastoma cell line
Y-79 (Human retinoblastoma cell line) cells were used to perform the cytotoxicity assay, in which four LN dispersions containing different CTAB concentrations were tested. Each formulation was tested at four concentrations (in g mL −1 ): 10, 25, 50 and 100. Y-79 cells were maintained in RPMI-1640, supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM l-glutamine, and antibiotics (100 U mL −1 penicillin and 100 g mL −1 of streptomycin) in an atmosphere of 5% CO 2 in air at 37 • Cells were centrifuged, resuspended in FBS-free culture media, counted and seeded, after appropriate dilution, at 1 × 10 5 cell mL −1 density in 96-well plates (100 L/well). The different formulations were diluted with FBSfree culture media to achieve the final concentrations, and added to cells 24 h after seeding (100 L/well). Cell viability was assayed with Alamar Blue (Alfagene, Invitrogene, Portugal) by adding 10% (v/v) to each well, and the absorbance at 570 nm (reduced form) and 620 nm (oxidative form) was read 24, 48 and 72 h after exposure to test compounds, data were analyzed by calculating the percentage of Alamar blue reduction (according to the manufactures recommendation) and expressed as percentage of control (untreated cells).
Transmission electronic microscopy analysis
Transmission electronic microscopy (TEM) is a technique useful to analyze the shape and size of LN dispersions. The chosen LN dispersion corresponding to CTAB-LN dispersion with 0.5 wt% CTAB was mounted on a grid and negative stained with a 2% (v/v) uranyl acetate solution. After drying at room temperature, the sample was examined using a TEM (Tecnai Spirit TEM, FEI) at 80 kV.
Statistical analysis
Statistical evaluation of data was performed using one-way analysis of variance (ANOVA). The Bonferroni multiple comparison test was used to compare the significance of the difference between the groups, a p-value < 0.05 was accepted as significant. Data were expressed as the mean value ± standard deviation (Mean ± SD) (n = 3).
Results and discussion
The production and optimization of LN based on multiple emulsion requires pre-formulation studies and literature research. The stability and compatibility of the emulsifiers and the lipid matrix are essential to provide a stable and functional system . Since the choice of the components are vital for dispersions formation, Lipoid ® S75 (soybean phosphatidylcholine) was the selected lipophilic emulsifier used with a HLB value of approximately 7-9, and Poloxamer 188 was selected as hydrophilic emulsifier with a HLB value of approximately 22.
Physicochemical properties and stability of the new drug delivery systems are major issues to be considered in the formulation stage, especially those intended for ocular administration. The use of dispersions with appropriate physicochemical properties ensures adequate bioavailability of administered drugs and biocompatibility with ocular mucosa. The LN dispersions obtained from the factorial design, revealed adequate physicochemical stability during the analytical testing. In addition, the macroscopic stability of the particles, monitored by visual analysis, DLS and Turbiscan ® Lab analysis, did not suffer any changes. Separation phase, flocculation or creaming phenomena were not reported in this study. The physicochemical properties of LN obtained from the experimental design were analyzed. The effects of the selected variables on dispersions characteristics (Z-Ave, PI and ZP) are depicted in Table 3 . For drug ocular administration, the values of Z-Ave and PI should be the lowest as possible, since dispersions should be well tolerated in the ocular mucosa avoiding eye irritation and the transport and uptake from the cornea is facilitated (Araujo et al., 2009 ). The values in bold are the statiscally significant results (p < 0.5). The values in bold are the statiscally significant results (p < 0.5).
The results for the 11 produced formulations is shown in Table 3 and varied from 164.5 ± 1.09 nm (LN 8 or LN 10) to 268.50 ± 1.47 nm (LN 2), whereas PI ranged from 0.155 ± 0.03 (LN 4) to 0.192 ± 0.02 (LN 6). The particle size distribution was very narrow in all cases since the PI was less than 0.2, corresponding to monodispersed systems. According to the literature (Zimmer and Kreuter, 1995, Shekunov et al., 2007) , the Z-ave for ocular administration should be below 1 m with an associated narrow size distribution. Thus, all formulations revealed a Z-Ave and PI within accepted range (Fresta et al., 1999; Giannavola et al., 2003; Vega et al., 2008; Souto et al., 2010) . As expected, the ZP did not vary, since all used reagents have non-ionic nature. For each of the 3 variables, analysis of variance (ANOVA) was performed. From Table 4 and Fig. 1 , the only factor that was shown to have a significant effect (p-value < 0.05) on Z-Ave was the concentration of lecithin. All other evaluated factors, were not statistically significant (p-value > 0.05), neither the interactions between them. The same results were observed for the evaluation of the dependent variables on PI (Table 5 and Fig. 1 ). The concentration of lecithin was the only independent variable affecting the PI. The lecithin used is composed of 75% of phosphatidylcholine, which is composed by phospholipids that resemble the cellular membranes. The use of this emulsifier is reported as safe and biocompatible for several purposes, such as skin products (Fiume, 2001 ) and also for ophthalmic/ocular drug delivery (Bhatta et al., 2012) . Their use in the development of LN dispersions is essential to decrease the interfacial tension between the oil phase and the internal and external aqueous phase, and also to facilitate the emulsification of the lipid matrix. Lecithin is used due to its higher power of emulsification able to provide a very good stabilization of the oil-in-water interfaces and has also been reported to decrease particle size in emulsions that is mainly explained by its amphiphilic character (Trotta et al., 2002; Schubert et al., 2006; Kawaguchi et al., 2008) . The lipophilic portion of lecithin dissolves the lipid phase, i.e. lecithin likes to be at the edge of the lipid phase being its lipophilic tails directed to the lipid phase until the hydrophilic portion is directed to the water phase. Thus, the oil phase is totally recovered by the lecithin promoting long time stabilization in the interface of the emulsions (Trotta et al., 2002) . From the obtained results, a correlation between the concentration of lecithin and mean particle size of the particles were found, since highest concentrations leads to a decrease in Z-Ave and PI. This dependency of Z-Ave on the type of emulsifier is due the need for the complete coverage of the interface, which is affected by the selected concentration (Fig. 2) . The aim of this factorial design was to optimize a formulation with appropriate physicochemical parameters for the incorporation of hydrophilic drugs for ocular delivery. For this purpose, the limiting factors were the Z-Ave and PI and from the obtained results an optimal LN dispersion was found. This LN dispersion was used for the following studies.
In order to improve LN adhesion to ocular surface and also to improve stability of the dispersions, a cationic lipid was used. The approach of using a cationic lipid is interesting since ocular mucosa depicts slightly negative charge above its isoelectric point and also could improve some limitations related to ocular administration, such as prevent tear washout (due to tear dynamics), increase ocular bioavailability and prolong the residence time of drugs in the cul-de-sac (Araujo et al., 2009) .
The study reports the use of different concentrations of a cationic lipid (CTAB) in the lipid matrix of LN. The results of the CTAB concentration on the Z-Ave, PI and ZP of the LN dispersions optimized in the factorial design are depicted in Table 6 . As expected, the parameter most affected by the variation on CTAB concentration is the ZP. The increase of the ZP was directly proportional to the increase on CTAB concentration. Statistical analysis of the physicochemical properties of CTAB-LN dispersions was not significant (p > 0.05), indicating that the concentration of CTAB did not affect drastically the Z-Ave, PI and ZP of the formulations. All formulations properties were in agreement with the required parameters for ocular delivery. However, no statistical differences were found, the concentration of CTAB improved the ZP following a proportional relationship. This behavior was expected because of the cationic properties of CTAB and is also expected that higher ZP values contribute to higher stability of the particles due to electronic repulsion between them maintaining longer time in suspension.
The BS signal is graphically reported as positive (BS increase) or negative peak (BS decrease). The migration of particles to the top of the cell leads to a concentration decrease at the bottom, translated by a decrease in the BS signal (negative peak) and vice versa for the phenomena occurred on the top of the cell. If the BS profiles have a deviation of ≤±2% it can be considered that there are no significant variations in particle size. Variations up to ±10% indicate unstable formulations (Araújo et al., 2009; Celia et al., 2009) . From the results depicted in Fig. 3 it is possible to detect instability due the variation up 10% on the CTAB-LN composed of 0.25 wt% of CTAB, indicating that this concentration is not sufficient to promote LN dispersion Table 6 Physicochemical parameters from CTAB-LN dispersions at the production day and a long-term stability after 7, 15 and 30 day after production at 25
• C (Mean ± SD) (n = 3). +48.00 ± 0.31 +44.58 ± 0.50 +42.0 ± 0.05 +40.2 ± 0.63 stability over time. The other concentrations seem to be more stable since variations are lower than 10% during the time of analysis. This analysis could predict the good stability of the formulations with CTAB concentration ranging between 0.5 and 1.0 wt%. These results are in agreement with the ZP values recorded for the four formulations (Table 6 ), since higher ZP values could also predict a higher stability of LN dispersions as mentioned before. In order to support Turbiscan ® Lab results and also to monitored particles over a period of time, zetasizer measurements were made at the same days after CTAB-LN dispersions production during storage at 25 • C. All dispersions showed a milky colloidal appearance where no aggregation phenomena and no phase separation were detected during the period of analysis and storage. From the results depicted in Table 6 is possible to detect a slightly increase both in the Z-Ave and in the PI after 30 days of storage. During the period of analysis, CTAB-LN dispersions depicted particle sizes below 300 nm and PI ≤ 0.3, which are acceptable values for ocular delivery (Vega et al., 2008; Gonzalez-Mira et al., 2010; Souto et al., 2010; Gonzalez-Mira et al., 2011) . The long-term stability studies confirmed that concentrations of CTAB up to 0.5 wt% could provide a better electrostatic repulsion between particles in suspension and from this suggestion provide better stability avoiding particle aggregation and/or flocculation. The analysis of the cristallinity and polymorphism of the LN dispersions obtained was analyzed by DSC and X-Ray. The thermodynamic stability of LN depends mainly on the lipid modification Fig. 3 . BS profiles of SLN dispersions with different CTAB concentrations, (a) 0.25%, (b) 0.50%, (c) 0.75% and (d) 1.00%. The measurement across the height of the sample cell during 10 min, on the production day, day 7, day 15 and day 30 after the production (n = 3). that occurs after crystallization. The solid lipid used was S100, a triacylglycerol blend of vegetable fatty acids with C 10 -C 18 (Fangueiro et al., 2013) . Polymorphic transitions after crystallization of triacylglycerol based LN are slower for longer-chain triacylglycerols than for shorter-chain triacylglycerol (Metin and Hartel, 2005) . The type of emulsifier used in LN dispersions also affects their thermodynamic behavior, their storage time and degradation velocity (Han et al., 2008) .
Triacylglycerols usually occur in three major polymorphic forms, namely a, ˇ and ˇ (in order of increasing thermodynamic stability) which are characterized by different sub cell packing of the lipid chains. The ˇ modification is frequently observed in complex triacylglycerols such as S100 (Bunjes and Unruh, 2007) .
Thermal analysis of the bulk lipid S100 (Fig. 4) shows a single endothermic peak upon heating with a minimum of 39.12 • C and an enthalpy of −44.76 J g −1 (Table 7) . Our results are in agreement with those reported by other authors (Thoma and Serno, 1983; Schubert and Müller-Goymann, 2003) for a ˇ modification of complex triacylglycerols mixtures. For CTAB bulk, a small melting event was observed between 40 and 50 • C, that can be associated to the melting of acyl chains and a main transition at around 106.34 • C corresponding to complete melting of CTAB and attributed to the melting of head-groups (Doktorovova et al., 2011) .
With respect to CTAB-LN dispersions (Fig. 4) , a very small endothermic event was reported compared to the other thermograms of the bulk lipid and bulk matrix. This transition is relatively small due to the lowest values of enthalpy presented by the LN dispersions compared to the bulk lipid (Table 7) . The peak temperature slightly decreased for all CTAB-LN dispersions confirming that polymorphism of S100. In LN dispersions, a slight decrease of enthalpy is usually observed, as well as a decrease on the peak temperature comparing to the bulk counterpart, however since this lipid has a very low melting point, it is possible to form supercooled melts. A possible explanation for the reduction of crystallinity of the LN dispersion is the coexistence of lipid being present in the a modification and also due to the colloidal particle size offering insufficient number of diffraction levels. These differences can be attributed to the high surface to volume ratio of LN dispersions (Schubert and Müller-Goymann, 2003) .
The X-ray results depicted in Fig. 5 also reveal the presence of two signals one at 0.42 nm (2Â = 21.1 • ) and other at 0.38 nm (2Â = 23.2 • ) which are both characteristic of the orthorhombic perpendicular subcell, i.e., ˇ modification (Schubert and Müller-Goymann, 2003) . These results are in agreement with DSC studies, since all formulations revealed a decreased crystallinity comparing with bulk lipids S100 and CTAB. Also, the melting enthalpy of CTAB-LN dispersions is increasing with increasing CTAB content, indicating higher crystallinity of the matrices containing 0.5-1.0 wt% of CTAB. Thus, the concentration of CTAB in the lipid matrix is able to provide higher crystallinity to the lipid matrix; however, other features such as stability and toxicity were analyzed to provide a full study in order to choose the best CTAB concentration.
LN toxicity is essential to design drug delivery systems able to ensure security and avoid side effects. Cytotoxicity was assessed in human retinoblastoma cell line, Y-79. The Alamar blue assay measures quantitatively the proliferation of the cells establishing cytoxicity of tested agents/drugs and can be used as a baseline (Hamid et al., 2004) . However, some authors also suggest that cytosolic and microsomal enzymes also contribute to the reduction of Alamar blue (Gonzalez and Tarloff, 2001) . The evaluation of the Alamar blue assay was based on the percent viability of four concentrations for each CTAB concentration in the dispersion. This assay is important to point out the importance of the CTAB quantity in the formulation that could be administered for ocular delivery, avoiding cell damage. From  Fig. 6 , we can observe that 10 g mL −1 of all CTAB-LN formulations is non-toxic to cells as cell viability is not statistically different from control (untreated cells) along the 3 time-points of exposure. The concentration of 50 g mL −1 of CTAB-LN only reduced significantly cell viability in the CTAB-LN dispersions containing 0.75 and 1.0 wt% of CTAB, along the 3 time-points of exposure. The concentration of 100 g mL −1 of CTAB-LN reduced significantly cell viability in all CTAB percentages. CTAB-LN formulation containing 0.25% (w/w) of CTAB is non-toxic for the range of 10-50 g mL −1 (Fig. 6a) , but reduces significantly cell viability, in about 50-75% of control (p < 0.05). The concentration range where cell viability is kept similar to control values is reduced increasing CTAB concentration in the formulations. In Fig. 6b (0.5% of CTAB, concentration twice that used for Fig. 6a ) we can observe that 50 g mL −1 of formulation reduces cell viability from 40 to 60% of the control while 100 g mL −1 practically abolishes cell viability for the 3 time points of exposure. Raising CTAB concentration in the formulation to 0.75% (Fig. 6c) and to 1.0% (Fig. 6d) reduces cell tolerance to the formulation as we observe that with increasing % of CTAB in the formulation reduces the concentration that maintains cell viability. These results suggest that a higher CTAB concentration implies higher cytotoxicity which is expected since the effect of cationic agents on the human health is concentration dependent. In addition, higher CTAB-LN concentrations also imply more cytotoxicity. From our results, a safe and biocompatible LN system should be composed of, at maximum, 0.5 wt% of CTAB.
TEM analysis has been performed to evaluate the particle shape and morphology of CTAB-LN dispersion. TEM image (Fig. 7) shows particles mainly with spherical morphology. From this analysis, the absence of aggregation phenomena of CTAB-LN dispersion was also confirmed. These results are in agreement with Turbiscan ® Lab results. It is possible to detect a slight polydispersity however all the particles remain within the nanometer range. All particles showed a mean diameter that varied between 190 and 280 nm, which is also in agreement with the zetasizer measurements. TEM analysis suggested that immediately after production CTAB-LN dispersion with 0.5 wt% CTAB contained particles no higher than 1 m, which is useful for ocular delivery purposes.
Conclusions
The development of LN dispersions for ocular delivery should be carried out regarding ocular morphology and biology. A full factorial design was carried out in order to find out which parameters could influence LN dispersions based on multiple emulsion technique. The size and PI of LN dispersions are highly dependent on the lecithin concentration mainly due to its higher emulsification properties and amphiphilic character able to decrease particle size in emulsions. In order to improve ocular mucoadhesion, a cationic lipid was added in the lipid matrix. The insufficient information and lack of studies regarding nanotoxicity of cationic agents for ocular or drug delivery leads us to study different CTAB concentrations on lipid matrix and its effects on the physicochemical parameters and cell toxicity of CTAB-LN dispersions. This study demonstrated that the better CTAB concentration for the dispersion previously optimized by the factorial design was 0.5%, providing better stability and biocompatibility. Further studies encapsulating hydrophilic drugs and evaluating the ex vivo and in vivo performance of the developed CTAB-LN dispersion are required to confirm these preliminary results.
